A novel bacterial strain, S1-9 T , was isolated from a lead-zinc tailing in Nanjing, Jiangsu Province, China. Cells of strain S1-9
aerobic rods and motile by means of peritrichous flagella. On the basis of 16S rRNA gene sequence analysis, strain S1-9
T was shown to belong to the genus Paenibacillus and the closest phylogenetic relatives were Paenibacillus glucanolyticus DSM 5162 T (96.8 % similarity), Paenibacillus lautus NRRL NRS-666 T (96.5 %) and Paenibacillus lactis MB 1871 T (95.4 %). The predominant menaquinone was MK-7. The major cellular fatty acids were anteiso-C 15:0 and iso-C 16:0 . The polar lipid profile contained phosphatidylglycerol, phosphatidylethanolamine, diphosphatidylglycerol, two unknown phospholipids and two unknown lipids. The total DNA G+C content of strain S1-9 T was 49.9 mol%. Based on the low levels of DNA-DNA relatedness (ranging from 21.8 to 48.4 %) to the type strains of the above species of the genus Paenibacillus and unique phenotypic characteristics, strain S1-9 T is considered to represent a novel species of the genus Paenibacillus, for which the name Paenibacillus qingshengii sp. nov. is proposed. The type strain is S1-9 T (5CCTCC AB Based on 16S rRNA gene sequence analysis, Ash et al. (1993 Ash et al. ( /1994 ) separated the genus Paenibacillus, which is a member of a monophyletic group of endospore-forming bacteria in the family Paenibacillaceae, from the genus Bacillus. Species of the genus Paenibacillus have been isolated from diverse environmental habitats (Kishore et al., 2010; Baik et al., 2011; Kim et al., 2012; Zhou et al., 2012; Kong et al., 2013; Lee et al., 2013; Zhang et al., 2013; Guo et al., 2014; Tonouchi et al., 2014) . At the time of writing, the genus Paenibacillus comprised 159 species and four subspecies (http://www.bacterio.net/ paenibacillus.html). Most members of the genus Paenibacillus are endospore-forming, aerobic or facultatively anaerobic and motile by means of peritrichous flagella (Priest, 2009) . Cells of Paenibacillus are rods of Grampositive structure but usually stain negatively in laboratory Gram stain tests (Ash et al., 1993 (Ash et al., /1994 ; examples include Paenibacillus lactis MB 1871 T (Scheldeman et al., 2004) , Paenibacillus prosopidis PW21 T (Valverde et al., 2010) and Paenibacillus darwinianus Br T (Dsouza et al., 2014) .
Strain S1-9 T was isolated from a lead-zinc tailing in Nanjing, Jiangsu Province, China (328 99 N 1188 579 E), during the screening of plant-growth-promoting bacteria. Soil samples were added to flasks containing physiological salt solution (0.85 % NaCl) and shaken at 200 r.p.m. for 30 min to allow bacteria to detach from soil particles. The suspensions were then allowed to stand for about 10 min. Serial 10-fold dilutions of sample suspensions (10
23
- 10 25 ) were plated onto Luria-Bertani (LB) agar plates to determine total culturable bacteria. The plates were incubated at 30 8C for 3 days. Strain S1-9
T showed a high degree of resistance to heavy metals. It grew well in LB medium containing cadmium (100 mg l ). The strain was routinely cultured on tryptone soya agar (TSA) media for additional taxonomic experiments.
To characterize strain S1-9 T , standard phenotypic tests were selected according to the recommended minimal standards for describing new taxa of aerobic, endosporeforming bacteria (Logan et al., 2009) . Paenibacillus glucanolyticus DSM 5162 T , Paenibacillus lautus NRRL NRS-666 T and P. lactis MB1871 T , which were purchased from the Belgian Coordinated Collections of Micro-organisms (BCCM LMG), were used as reference strains in biochemical, chemotaxonomic and DNA-DNA hybridization experiments.
The Gram reaction was determined by using the bioMér-ieux Gram stain kit according to the manufacturer's instructions. Cell morphology and motility were examined by light microscopy (Olympus CX21) and transmission electron microscopy (Hitachi H-7650) as described by Jeon et al. (2005) . Growth in TSA liquid medium at different temperatures (4, 10, 15, 28, 37 and 45 8C) and at various pH values (pH 4.0-11.0, at intervals of 1.0 pH unit) was assessed after incubation for 5 days. The buffers that were used to adjust the pH of the TSA medium (each at a final concentration of 100 mM) were acetate (for pH 4.0-5.0), phosphate (for pH 6.0-8.0) and Tris (for pH 9.0-11.0). Salt tolerance was tested on TSA supplemented with 0-15 % (w/v) NaCl (at 1 % intervals) after incubation for 5 days. Catalase activity was determined by bubble production in a 3 % (v/v) hydrogen peroxide solution. Oxidase activity was determined based on the oxidation of 1 % (w/v) tetra-methyl-p-phenylenediamine. Acid production from carbohydrates was tested by using the API 50CHB system (bioMérieux). Enzyme activity was determined with the API ZYM system (bioMérieux) and other physiological and biochemical tests were performed with the API 20NE system (bioMérieux) according to the manufacturer's instructions.
Strain S1-9
T was Gram-reaction-negative, aerobic and motile by means of peritrichous flagella. Cells were rods with a width of 1 mm and length of 4 mm (Fig. S1a, available in the online Supplementary Material). A spore was located at one end of the cell (Fig. S1b) . Strain S1-9
T was catalase-and oxidase-negative. Colonies grown on TSA plates for 48 h at 30 8C were 2 mm in diameter, white, convex, glossy and circular with entire margins. Strain S1-9
T was able to grow at 10-37 8C (optimum 30 8C), at pH 6.0-11.0 (optimum pH 7.0) and with 0-3 % (w/v) NaCl (optimum 1 %). Physiological and biochemical characteristics of strain S1-9
T are summarized in the species description and a comparison of selective characteristics with related type strains is shown in Table 1 .
For chemotaxonomic analysis, cells of strain S1-9 T , P. glucanolyticus DSM 5162 T , P. lautus NRRL NRS-666 T Table 1 . Differential phenotypic properties between strain S1-9
T and the type strains of related species of the genus Paenibacillus Strains: 1, S1-9 T ; 2, P. glucanolyticus DSM 5162 Shida et al. (1997); b, Nakamura (1984) and Heyndrickx et al. (1996) ; c, Scheldeman et al. (2004) . DDPG, Diphosphatidylglycerol; PG, phosphatidylglycerol; PE, phosphatidylethanolamine; PL, unknown phospholipid; APL, unknown aminophospholipid; L, unknown lipid.
and P. lactis MB 1871 T were harvested from TSA plates after incubation for 48 h at 30 8C. The fatty acid methyl esters were extracted and prepared according to the protocol of the Sherlock Microbial Identification System (MIDI). Fatty acids were analysed by GC (6890; Hewlett Packard) and identified by using the Microbial Identification software package (Sasser, 1990) . Menaquinones were analysed as described by Komagata & Suzuki (1987) by using reversed-phase HPLC. Polar lipids were extracted and analysed by two-dimensional TLC according to Minnikin et al. (1984) .
The cellular fatty acid profile of strain S1-9 T is presented in Table 2 . Strain S1-9
T contained saturated branched and straight-chain fatty acids. The major fatty acids were anteiso-C 15:0 (65.1 %) and iso-C 16:0 (11.9 %) with minor amounts of anteiso-C 17:0 (8.0 %), C 16:0 (5.7 %), iso-C 15:0 (3.3 %), iso-C 14:0 (2.0 %), C 16:1 v11c (1.2 %) and iso-C 17:0 (1.0 %). Although this fatty acid profile was similar to those of the type strains of recognized species of the genus Paenibacillus, C 16:1 v7c was not detected in strain S1-9 T . The predominant isoprenoid quinone of strain S1-9
T was menaquinone 7 (MK-7).
Strain S1-9 T displayed a polar lipid pattern that consisted of diphosphatidylglycerol, phosphatidylglycerol (PG), phosphatidylethanolamine (PE), two unknown phospholipids (PL1 and PL2) and two unknown lipids (L1 and L2) (Fig. S2) . Although strain S1-9
T shared diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine with P. glucanolyticus DSM 5162 T , P. lautus NRRL NRS-666 T and P. lactis MB 1871 T , unknown aminophospholipids were not detected in strain S1-9
T .
For analysis of the 16S rRNA gene sequence, bacterial DNA was extracted using a Qiagen Genomic DNA kit. The 16S rRNA gene was PCR-amplified using universal primers (27F and 1492R) (Lane, 1991) according to the methods of Timke et al. (2005) and directly sequenced on an ABI 3730 sequencer (Invitrogen). The rpoB gene sequence of strain S1-9 T was PCR-amplified using universal primers (1698F and 2041R) (Dahllöf et al., 2000) and compared with those of members of the genus Paenibacillus by using the NCBI BLAST program. Phylogenetic analysis was performed using MEGA version 5.0 (Tamura et al., 2011) after multiple alignments of the data using CLUSTAL X (Thompson et al., 1997) . Evolutionary distances were calculated according to the distance options with Kimura's two-parameter model (Kimura, 1980) and clustering with the neighbour-joining algorithm with gamma distribution50.31 (Saitou & Nei, 1987) , maximum-likelihood algorithm using nearest-neighbour-interchange as the heuristic method and minimum-evolution algorithm using close-neighbour-interchange. Bootstrap analysis with 1000 replicates was also conducted to obtain confidence levels for the branches (Felsenstein, 1985) . The neighbour-joining trees based on 16S rRNA and rpoB gene sequences are shown in Fig. 1 . The maximum-likelihood and minimum-evolution trees are available as Figs S3 and S4. The DNA G+C content of strain S1-9
T was determined by the HPLC method (Mesbah et al., 1989) . DNA-DNA hybridization among the four strains S1-9 T , P. lautus NRRL NRS-666 A total of 1477 bp of the 16S rRNA gene sequence of strain S1-9 T was determined. The sequence was subjected to similarity searches by using the sequence matching tool of the BLAST program (http://www.ncbi.nlm.nih.gov), Ribosomal Database Project II (http://rdp.cme.msu.edu/) and EzTaxon (http://www.eztaxon.org/). Comparative 16S rRNA gene sequence analysis showed that strain S1-9 T was related most closely to members of the genus Paenibacillus, with highest similarity of 96.8 % to P. glucanolyticus DSM 5162
T . The neighbour-joining phylogenetic tree based on 16S rRNA gene sequences of strain S1-9
T and recognized species of the genus Paenibacillus and other related species is shown in Fig. 1(a) . In this tree, strain S1-9 T , P. glucanolyticus DSM 5162 T , P. lautus NRRL NRS-666 T and P. lactis MB 1871 T formed an independent cluster with a bootstrap value of 52 % (Fig. 1a) . These findings were confirmed by analysis based on the maximumlikelihood and minimum-evolution algorithms (Figs S3 and S4) , in which strain S1-9 T , P. glucanolyticus DSM 5162 T , P. lautus NRRL NRS-666 T and P. lactis MB 1871 T also formed an independent cluster. The rpoB gene sequence of strain S1-9 T showed highest similarity of 84 % to P. lautus NRRL NRS-666 T . The phylogenetic tree based on rpoB gene sequences is shown in Fig. 1(b) . The maximum-likelihood and minimum-evolution phylogenetic trees are shown in Figs S5 and S6. The phylogenetic trees based on 16S and rpoB gene sequences show different clustering patterns (Fig. 1) . Table 2 . Cellular fatty acid composition (%) of strain S1-9 T and the type strains of related species of the genus of Paenibacillus Strains: 1, S1-9 T ; 2, P. glucanolyticus DSM 5162 T ; 3, P. lautus NRRL NRS-666 T ; 4, P. lactis MB 1871
T . All strains were tested concurrently.
-, Not detected or lower than 1 %. The genomic DNA G+C content of strain S1-9 T was 49.9 mol%, which lies within the range reported for the genus Paenibacillus (Shida et al., 1997) . DNA-DNA hybridization studies showed relatively low relatedness between strain S1-9 T and P. lautus NRRL NRS-666 T (48.4 %), P. glucanolyticus DSM 5162 T (25.7 %) and P. lactis MB 1871 T (21.8 %) (Tables S1-S3 ). All the values were significantly lower than 70 %, the threshold recommended for assignment of separate genomic species (Wayne et al., 1987) . These results indicated that strain S1-9
T represents a novel species of the genus Paenibacillus.
Phylogenetic analysis, enzyme activities and differences in other physiological and biochemical characteristics (Table 1) together with the fatty acid profile (Table 2) clearly distinguish strain S1-9 T from closely related species of the genus Paenibacillus. Thus, on the basis of the data presented, we suggest that strain S1-9 T represents a novel species of the genus Paenibacillus, for which the name Paenibacillus qingshengii sp. nov. is proposed.
Description of Paenibacillus qingshengii sp. nov
Paenibacillus qingshengii (qing.shen9gi.i. N.L. gen. n. qingshengii of Qing-sheng, to honour Qing-sheng Fan, a Chinese soil microbiologist, for his contribution to the development of microbiology in China).
Cells are Gram-stain-negative, endospore-forming, aerobic, motile and rod-shaped (1|4 mm). Colonies are circular and white with a diameter of 2 mm after growth on TSA at 30 uC for 48 h. Growth occurs at 10-37 uC with an optimum temperature of 30 uC. The pH range for growth is 6.0-11.0 and the optimum pH is 7.0. Growth occurs with 0-3 % NaCl, and optimal growth occurs with 1 % NaCl. Catalase-and oxidase-negative. Positive for arginine dihydrolase and b-galactosidase but negative for indole production and nitrate reduction. Positive for hydrolysis of Tween 80, starch, aesculin, urea, gelatin, casein and cellulose. Negative for growth on glucose, mannose, Nacetylglucosamine, potassium gluconate, capric acid, adipic acid, malate, trisodium citrate and phenylacetic acid but positive for growth on arabinose, mannitol and maltose. Acid is produced from glycerol, erythritol, The major quinone system is MK-7. The total polar lipids are diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, two unknown phospholipids and two unknown lipids.
The type strain, S1-9 T (5CCTCC AB 2014290 T 5JCM 30613 T ), was isolated from a lead-zinc tailing in Nanjing, Jiangsu Province, China. The DNA G+C content of the type strain is 49.9 mol%.
